ABSTRACr The size distribution of saline and bronchodilator (terbutaline) aerosol droplets generated from four widely used jet nebulisers (Acorn, Upmist, Turret, and Inspiron Mini-neb) has been measured with a Malvern 2200 Laser Particle Sizer. The mass median diameter of aerosol droplets generated by each nebuliser was strongly influenced by the driving flow rate of compressed air. By increasing the flow rate from 4 to 81 min-' mass median diameters were halved (p < 0-01) and there was an increase in the mass of aerosol within the optimum respirable range (<5 ,m). To achieve this range the following individual flow rates were required: Turret 4 1 min-', Acorn and Upmist 6 1 min-t, and Inspiron Mini-neb 8 1 min-t. A significant inverse relation (p < 0.001) was found between mass median diameter and the geometric standard deviation, indicating that the aerosols were smaller but more heterodisperse at high flow rates. Changes in drug concentration had little effect on aerosol size. In 72% of the nebulisations followed to dryness there was no significant change in mass median diameter during the course of nebulisation and in the remainder it was less than 1-3 Am.
Inhaled aerosols have considerable advantages in the treatment of many lung diseases, including asthma, bronchitis, and cystic fibrosis.'-3 The dose required is small in comparison with that taken systemically and the side effects are therefore negligible; the onset of action is more rapid, and the drug itself is more selective. 4 The upper airways (nose, mouth, larynx, and pharynx) and the branching anatomy of the tracheobronchial tree act as a series of filters for inhaled particles. Thus particles larger than 10 Am will not penetrate the tracheobronchial tree. On the other hand, particles of 0 5 Am will penetrate the lungs deeply but have a high tendency to be exhaled without deposition.5 It has been shown that the optimum size for a 8-adrenergic bronchodilator aerosol such as terbutaline is less than 5 Am in diameter. 6 Jet nebulisers have recently become popular for the delivery of therapeutic aerosols in hospitals and to a lesser extent in the patient's home. Details of the aerosols generated by such devices, however, are often lacking. If the size distribution is inappropriAddress for reprint requests: MM Clay, Department of Thoracic Medicine, Royal Free Hospital, London NW3 2QG.
Accepted 16 May 1983 ate, little or no aerosol may be deposited in the lung and consequently there may be an inadequate effect.
The aim of this study was to measure the size distribution of aerosols generated by popular makes of jet nebuliser under typical operating conditions.
Methods
Four common makes of disposable jet nebulisers were selected for study. These were the Acorn, Upmist, and Turret (all Medic-aid Ltd) and the Inspiron Mini-neb (Bard International Ltd). Five nebulisers of each make were assessed. In each case all five were drawn from the same production batch.
Aerosol is generated from jet nebulisers by forcing compressed air (or oxygen) through a narrow orifice. The negative pressure created by the expanding jet from the orifice causes the respirator solution to be drawn up a feedtube and then broken up into droplets by the jet. Baffle structures within the nebuliser filter the aerosol and large droplets (which may constitute as much as 99% of the particles formed) are impacted on them and run back into the reservoir to be recirculated.7
In all experiments the nebulisers were driven by compressed air from a cylinder whose flow rate was controlled by a reducing valve and inline rotameter. Three air flow rates were employed to drive the 756 nebulisers: 4, 6, and 8 1 min-'.
The nebulisers were charged with 4 ml of the three test solutions-physiological saline and two solutions of the (8-agonist terbutaline sulphate (Bricanyl Respirator Solution, Astra Pharmaceuticals), in concentrations of 2-5 and 5*0 mg ml-l diluted with physiological saline. We wished to ascertain the effect of varying the concentration of respirator solution on the size distribution of the aerosols generated.
A Malvem 2200 Laser Particle Sizer (Malvern Instruments) was used to measure the size distributions of aerosols during a standardised nebulisation procedure. The 4 ml of respirator solution was placed inside the nebuliser, which was then clamped into a vertical position so that the aerosol released would pass through the helium neon laser beam 2-5mgml-' 5-0mgml-' aerosol mass median diameter in every case. The data for the different nebulisation times and respirator solutions were therefore pooled to assess this effect (fig 1) . By increasing the flow rate from 4 to 6 1 min-' and from 6 to 8 1 min-there was a significant reduction (p < 0.01) in mass median diameter of all the aerosols sampled on both occasions. An overall 50% reduction in mass median diameter could be achieved by increasing the flow rate from 4 to 8 l min-'. At 8 1 min-' there was no significant difference between the mass median diameters of aerosols from the Acorn and Turret nebulisers or between the aerosols from the Upmist and Inspiron Mini-neb nebulisers. At 6 1 min-' the Turret nebulisers generated aerosols significantly smaller (p < 0-05) than the Acorn, Upmist, and Inspiron Mini-neb nebulisers, and the Inspiron Mini-neb generated aerosols significantly larger than Turret, Acorn, and Upmist nebulisers (p < 0.05). Similar differences were observed at the lower flow rate of 4 1 min-', at which the Inspiron Mini-neb generated aerosols with mass median diameters more than double those from the Turret nebulisers.
The aerosols studied in these experiments were all found to be heterodisperse with regard to their size distributions. Figure 2 shows the relationship observed between the mass median diameter and geometric standard deviation of the aerosols sampled. An inverse relation was found between the two parameters, a small mass median diameter being obtained at the expense of a large geometric standard deviation or more heterodisperse size distribution. Application of linear regression analysis (by the method of least squares) showed that In geometric standard deviation = 1.37 -0*4 In mass median diameter (r = 0*89, p < 0.001).
Despite the increased heterodispersity of the aerosols, the proportion of the mass of particles of less than 5 ,um was found to increase with increased flow rate (fig 3) .
During the experimental period of one month the mean (SD) ambient temperature and relative humidity were found to be 18*3'C (0.90) and 51% (5.8%) respectively.
Discussion
The flow rate of compressed air used to drive the nebulisers has a major influence on aerosol size distribution. The differences in mass median diameter observed at the three flow rates would be sufficient to cause appreciable changes in the sites of aerosol deposition in the lung. To generate an aerosol with a mass median diameter of less than 5 ,um a minimum air flow rate of 6 1 min' I should be used to drive the Acorn and Upmist nebulisers, while the Inspiron Mini-neb should be driven at the higher flow rate of 8 1 min-'. Only the Turret nebuliser will generate an aerosol with a mass median diameter of less than 5 ,tm at 4 1 min-'. Domiciliary oxygen cylinders usually have two fixed flow rate settings, 2 and 4 1 min-', and our results show that the higher flow rate would be inadequate to drive the Acorn, Upmist, and Inspiron Mini-neb nebulisers.
At higher flow rates the differences between the mass median diameter of aerosols from the makes of nebuliser were reduced, but in all cases the aerosols were more heterodisperse. The effect of increases in heterodispersity on aerosol deposition site in the lung is the subject of debate. Gonda'°has proposed that for aerosols with a large geometric standard deviation the mass median diameter becomes a less reliable indicator of where the aerosol will be deposited in the lung. The Task Group on Lung Dynamics," however, showed only a 10% change in the regional deposition of an aerosol with a mass median diameter of 2 ,um when the geometric standard deviation was changed from 1-5 to 4*0 ,um. The clinical implications of increased heterodispersity Clay, Pavia, Newman, Clarke await investigation; but an aerosol with a small mass median diameter and large geometric standard deviation might be predicted to show more ubiquitous deposition throughout the lung, thereby delivering a bronchodilator aerosol to a wider surface area.
Detailed examination of the aerosol size distributions showed that at high air flow rates the aerosols showed polymodality, which could be attributed to droplet disintegration and coagulation within the nebulisers. Under these circumstances the aerosols no longer conform to a log normal size distribution and the geometric standard deviation may be a less reliable description of the aerosol size distribution. It may therefore be more useful to specify the proportion of the aerosol mass which lies within the optimum size range for therapeutic aerosols (less than 5 gm in diameter).
Our results indicate that the size distribution of aerosols from the makes of nebuliser studied do not vary during nebulisation to an extent which would cause changes in the site of deposition in the lung. The temperature of the respirator solution falls rapidly during nebulisation to about 10°C below the ambient temperature, causing changes in the surface tension and viscosity of the solution and reducing the rate of aerosol release from the nebulisers.'2 The effect on aerosol size distribution, however, is small. The concentration of terbutaline in the respirator solution similarly had little effect on the aerosol size distribution, although other types of respirator solution with different physical properties, such as highly viscid antibiotics, may exert greater effects. '3 These measurements were all made undet ambient conditions of temperature and relative humidity reflecting the size distribution of the aerosols at the mouthpiece of the nebulisers. From this point the aerosols will be drawn into the lung, where the physiological conditions of temperature and relative humidity (37°C and >99 5% respectively) will result in changes in the size distribution of the aerosol. Swelling or shrinkage of the droplets may occur as the aerosol adjusts to attain equilibrium with its environment. The changes in size distibution of the aerosols have not been taken into account in this study but they will depend on the chemical structure of the droplets and the concentration of salts within them.'4 The site of aerosol deposition within the lung may be affected if there is a significant change in the aerosol size distribution.
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